T hrough the analysis of DNA synthesis in crystallo by timeresolved X-ray crystallography, our group has shown that binding of two canonical Mg 2+ ions by DNA polymerase η (DNA Pol η ) is insufficient to initiate the reaction and that a third Mg 2+ ion transiently bound to the incoming dNTP is required for catalysis 1, 2 . The question is whether capture of a transient third Mg 2+ ion for catalysis is specific for DNA polymerase or a general requirement for all enzymes thought to use the two-metal-ion mechanism. Here we studied RNase H1, which cleaves the RNA strand in RNA:DNA hybrids to remove RNA primers and resolve R-loops 3, 4 , as an enzyme unrelated to DNA Pol η , to investigate whether additional cations are similarly required for RNA hydrolysis. RNase H1 has many homologs-including the RNA silencing factor Argonaute, PIWI, and many DNA transposases from HIV integrase to the RAG1-RAG2 recombinase [5] [6] [7] -all of which bind two Mg 2+ ions (referred to as ' A' and 'B') in the active site and catalyze an S N 2 type nucleotidyltransfer reaction [8] [9] [10] [11] and therefore may be expected to use a similar mechanism.
T hrough the analysis of DNA synthesis in crystallo by timeresolved X-ray crystallography, our group has shown that binding of two canonical Mg 2+ ions by DNA polymerase η (DNA Pol η ) is insufficient to initiate the reaction and that a third Mg 2+ ion transiently bound to the incoming dNTP is required for catalysis 1, 2 . The question is whether capture of a transient third Mg 2+ ion for catalysis is specific for DNA polymerase or a general requirement for all enzymes thought to use the two-metal-ion mechanism. Here we studied RNase H1, which cleaves the RNA strand in RNA:DNA hybrids to remove RNA primers and resolve R-loops 3, 4 , as an enzyme unrelated to DNA Pol η , to investigate whether additional cations are similarly required for RNA hydrolysis. RNase H1 has many homologs-including the RNA silencing factor Argonaute, PIWI, and many DNA transposases from HIV integrase to the RAG1-RAG2 recombinase [5] [6] [7] -all of which bind two Mg 2+ ions (referred to as ' A' and 'B') in the active site and catalyze an S N 2 type nucleotidyltransfer reaction [8] [9] [10] [11] and therefore may be expected to use a similar mechanism.
Taking a similar approach to studies of DNA polymerases 1, 12, 13 , we crystallized wild-type (WT) RNase H1 (which we also refer to as RNaseH1 WT ) complexed with an RNA:DNA hybrid in the presence of Ca 2+ ions, which support enzyme-substrate complex formation but prevent the chemical reaction from occurring. Replacement of Ca 2+ by Mg 2+ at pH 7.0 led to catalysis in crystallo, and by using freeze-trapping we characterized catalytic intermediates by X-ray crystallography 14 . In our high-resolution structures, we found that K + ions likely have catalytic roles in the RNA hydrolysis reaction. A transiently bound third Mg
2+
, although difficult to observe, was indeed involved in RNase H1 catalysis, but it coordinated the nucleophile instead of the leaving group, as observed in the DNA synthesis reaction.
Results
Substrate design and RNA cleavage in crystallo. RNase H1 is a non-sequence-specific nuclease, and it can slide along the hybrid duplex in co-crystals of RNase H1 with RNA:DNA duplexes, which results in mixed positional registers 8, 15 . On the basis of the minimal recognition site of four ribonucleotides, we designed a 6-bp substrate with four RNA:DNA base pairs in the center and one DNA:DNA base pair at each end (Fig. 1a) , which led to a unique binding and cleavage site by RNase H1 and end-to-end stacking of the hybrid nucleic acids. These co-crystals diffracted X-rays up to a resolution of 1.27 Å, as compared to the previous best value of 1 , the metal-ion-binding sites (A and B) were occupied by K + ions from the soaking buffer, and the active-site carboxylates E109 and D71 were disordered or assumed a different conformation ( Supplementary Fig. 1b ). To initiate RNA cleavage, Ca 2+ -depleted crystals were transferred to a buffer containing 2 mM Mg 2+ and 200 mM K + at 22 °C ( Supplementary  Fig. 1a ). After soaking for 40-600 s, the crystals were cryo-cooled in liquid nitrogen (LN 2 ) to stop the reaction at regular time intervals, and these were stored for subsequent analysis by X-ray diffraction. Reactions in crystallo are usually 20-to 100-fold slower than in solution 1, 2, 12 , probably because of limited Brownian motion. At t = 40 s, binding of Mg 2+ in the A and B sites was nearly 100% complete, and the four catalytic carboxylates (D71, E109, D132 and D192) and scissile phosphate became fully ordered. However, there was no reaction and no product ( Fig. 1c and Table 1 At t = 80 s, a small fraction of substrate underwent reaction, as evidenced by the appearance of electron density for the new P-O bond ( Fig. 1d and Table 2 ), although the misaligned substrate form remained dominant. At t = 120 s, catalysis reached a point where 65% of the substrate and 35% of the product coexisted in the inverted scissile phosphate configuration. With only minute changes of the active-site residues and Mg 2+ ions, the majority of the nucleophile and scissile phosphate (~40%, or two-thirds of the 65% substrate) became well aligned and within 3.0 Å for in-line nucleophilic attack (Fig. 1d,e) . After the reaction reached a plateau (for example, at t = 480 s), the cleaved 5′ phosphate became stabilized by K196, which was disordered in the enzyme-substrate (ES) complex. The freed 3′ -OH together with the ribose changed its conformation from 3′ endo to 2′ endo and moved away from the phosphate product (Fig. 1d) . Notably, alignment of the nucleophile and scissile phosphate occurred gradually over the reaction time and concurrently with product formation (Fig. 1e) (Fig. 1d) . Appearance of K + W and the reaction products was correlated, as shown in the unbiased F o -F c map, and the occupancies of both increased with reaction time until reaching a plateau at t = 200 s (Fig. 2a) . To determine whether K + was essential for the reaction, we varied K + concentrations in the in crystallo reaction and found that both K + U occupancy and the cleavage product (at t = 120 s) decreased significantly with decreasing K + concentrations (Fig. 2b) Fig. 2b,c) . The U and V sites are only 2.4 Å apart and too close for simultaneous occupancy. Rb + U disappeared in an inverse correlation with product formation, whereas Rb + V appeared in the product state only and was eventually displaced by ordered K196 in the product state (Fig. 1d) .
The W site was vacant in the ES complex and became occupied by K + or Rb + in proportion to the amount of product formed (Fig. 2a) . When the structures of DNA Pol η and RNase H1 were superimposed on the scissile phosphate and two canonical Mg ) and K + w in RNase H1 appeared concurrently with product formation, and both coordinated the leaving groups without contacting the enzymes and possibly neutralized the highly negatively charged transition state.
The conserved third Me
2+ in RNase H1 catalysis. To determine the requirement of divalent cations for RNase H1 catalysis, we titrated Mg 2+ in the in crystallo reaction and found that the Mg 2+ concentration needed to occupy the canonical A and B sites was clearly lower than that required for optimal catalysis (Fig. 3a) . The A and B sites were 100% occupied by 1 mM Mg 2+ at t = 40 s, but no reaction product was detected (Fig. 3a) . With increasing Mg 2+ concentrations, the reaction products began to increase until plateauing at 20 mM Mg 2+ , whereas the occupancy of the A and B sites remained unchanged. The disparity suggests that RNase H1 catalysis depends on additional weakly binding Mg 2+ ions. However, no additional Mg 2+ was observed ( Supplementary Fig. 3a) .
We then resorted to the use of Mn
2+
, which supports RNase H1 activity ( Supplementary Fig. 3b ) and facilitates detection because of its higher density of electrons than Mg 2+ and anomalous diffraction 2 . By varying the Mn 2+ concentration from 2 to 100 mM in the in crystallo reactions, we were able to reproduce the disparity between A-and B-site Mn 2+ binding and product formation ( Supplementary  Fig. 3c ), although it was less pronounced than with Mg
. A third and low-occupancy Mn 2+ was observed occasionally after product formation, but its binding site overlapped with and thus could be competed off by K196 in the product state ( Supplementary Fig. 3d ). Only in 500 mM Mn 2+ could we unequivocally detect the third Mn
(Mn 2+ C ) with an occupancy of 0.30 at t = 40 s, when the reaction was complete, and K196 remained disordered (Fig. 3b) . Although high concentrations of Mn 2+ in solution inhibited product release and reduced steady-state k cat ( Supplementary Fig. 3b ), a phenomenon known as attenuation 18 , in crystallo an overdose of Mn 2+ stabilized the product state as the reaction was limited to a single turnover. Mn Fig. 3d and Supplementary Video 1). (Fig. 3c) . Li + was a poor substitute of K + for RNase H1 catalysis in solution ( Supplementary  Fig. 2a) C together with the 5′ -phosphate product was shifted by ~1.0 Å from the active site (Fig. 3c) .
Verification of K
+ and Mg 2+ requirement with mutant RNase H1 enzymes. To avoid displacement of Me 2+ C by the protein side chains, we replaced K196 and E188 with alanine. E188 forms a salt bridge with K196 in the product state ( Supplementary Fig. 3b ) and is also involved in catalysis 8, 15 . (Fig. 4b and Supplementary Fig. 4a ), and K196 was disordered in the absence of E188.
The roles of E188 and K196 extended beyond facilitating Mn 2+ C removal and product release. Reactions in crystallo with Mg 2+ and RNaseH1 E188A revealed that binding of two canonical Mg 2+ ions was delayed (Fig. 4c) . The lingering K + ions in the A and B sites were easily detected because the catalytic carboxylate D71 partially retained the K + -binding conformation after 120 s ( Fig. 4c and Supplementary  Fig. 1b) (Supplementary Fig. 5a ). Afterward, the reaction proceeded similarly to that of RNaseH1 WT , and by t = 360 s Mg 2+ C appeared with the products in the same position as in the reaction with RNaseH1
WT and Li + ( Supplementary Fig. 5b,c) .
Reactions in crystallo with RNaseH1
K196A confirmed the disparity between A-and B-site Mg 2+ binding, which took less than 40 s, and product formation, which was not detectable for more than 240 s (Fig. 4d) , we detected concurrent W-site occupancy and product formation after t = 480 s (Supplementary Fig. 4b ). Without K196, both recruitment of Me + to the W site and the reaction were delayed, and the cleaved 5′ -phosphate product was inverted and adopted the same conformation as the substrate form ( Supplementary Fig. 4b ). The inversion became obvious when the reaction was complete at t = 1,800 s. Even in the Mn 2+ -dependent reactions, a fraction of the 5′ -phosphate products were inverted without an ordered K196 residue ( Fig. 4b and Supplementary Fig. 4a ). RNA hydrolysis, however, was readily detected by visualizing the cleaved 3′ ribose product, which moved out of the active site by Fig. 4b ). K196 is conserved in members of the RNase H superfamily (Supplementary Fig. 4c ) 19, 20 , and its role in RNA hydrolysis appears analogous to that of R61 of DNA Pol η in DNA synthesis 1, 2 . K196 may help in aligning the RNA substrate to capture transient cations for catalysis (Fig. 4d) and facilitating removal of the cations for product turnover.
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Discussion
Both DNA synthesis and RNA hydrolysis reactions require a transiently bound third Me 2+ , but RNA hydrolysis, with monovalentand divalent-cation trafficking, is much more complicated (Fig. 5) . After binding of the A-and B-site Mg 2+ ions, DNA Pol η aligns the DNA and an incoming dNTP perfectly for the synthesis reaction 1 . In contrast, RNase H1 failed to align the substrates (Fig. 1c-e C is located on opposite sides of the scissile phosphate and coordinates the attacking versus leaving group in the two reactions, it may be essential for driving the reaction in both cases (Fig. 5) .
A marked difference between the two reactions is the nature of the nucleophiles. In DNA polymerase, the 3′ -OH is a part of DNA substrate and docked in the active site via extensive enzyme-DNA interactions, but the nucleophilic water for RNA hydrolysis is a free entity. The K + and Mg 2+ trafficking in the RNA hydrolysis reaction likely provides additional energy to fix and deprotonate the nucleophilic water 21 . For product release, spontaneous departure of Me 2+ A appears sufficient in the DNA synthesis reaction 1, 2 , but in the RNA hydrolysis reaction the A-and B-site Mg 2+ ions remain, whereas Mg 2+ C is quickly replaced by K + V and K196 (Fig. 5) . We suggest that these results demand reconsideration of reaction mechanisms. The conventional transition-state theory is now over 80 years old, but there is a dearth of experimental observations for the actual conversion of reactants to products. Enzymes are assumed to accelerate reaction rates by stabilizing transition states as intermediate configurations between substrate and product, thus lowering the energy barrier to product formation. However, we found little movement of the catalytic residues or the A-and B-site Me 2+ ions during reactions catalyzed by RNase H1 or DNA Pol η . Instead, each reaction acquired cations that were transiently bound to substrate only (Fig. 5) . Rather than electrostatic reorganization or hydrogen tunneling [22] [23] [24] , we have observed distinct forms of cation trafficking for substrate alignment and overcoming energy barriers to product formation. K + is the most abundant monovalent cation in cells. Monovalent salts are known for their roles in establishing membrane potential, osmoregulation and integrity of macromolecular structures 25, 26 . K + and Na + ions have also been noted for coordinating ligands in various ATPases and GTPases 27, 28 . However, monovalent cations have not been reported to participate directly in catalysis. Unlike Ca 2+ , Zn 2+ or Mg
2+
, it is impossible to remove all of the Na + and K + ions during assays. Detailed and high-resolution analyses of in crystallo catalysis may be the only way to uncover catalytic roles for physiologically abundant salts and transiently associated ions. We anticipate that cation trafficking and a transiently bound third Mg 2+ ion are general features among members of the RNase H1 superfamily. Mg 2+ cannot be replaced by protein side chains because of the + 2 charge and the stringent requirement for octahedral coordination. We have shown that the C-site Me 2+ is highly selective in the DNA synthesis reaction 1, 2 . The distinct cation trafficking and different roles of the third Mg 2+ in RNA cleavage and DNA synthesis have shed light on how HIV-1 integrase and the RAG1-RAG2 recombinase, as well as other members of this superfamily, can catalyze consecutive strand cleavage and transfer reactions in a single active site.
Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41594-018-0099-4. 
Protein expression and purification. The C-terminal region encoding the catalytic domain of B. halodurans RNase H1 (Bh-RNaseHC, residues 59-196) was previously cloned into pET15b with a sequence encoding an N-terminal His 6 -tag (pWY2042), and a plasmid encoding the RNaseH1 E188A mutant (pWY2063) was also made previously 8 . An expression vector encoding Bh-RNaseHC K196A (pWY2780) was constructed for this study by site-directed mutagenesis. The enzymes were expressed and purified as previously described 8 . For simplicity, RNase HC is referred to as RNase H1 below. -bound structure, mature crystals were transferred to a buffer containing 23% PEG-3,350, 20% glycerol, 0.2 M KI, 50 mM HEPES (pH 7.0) and 2 mM CaCl 2 for 45-60 min at 21 °C before flash-freezing and storage in LN 2 for data collection. To obtain EGTA-soaked K + structures, crystals were soaked in 50 μ l of stabilization buffer containing 23% PEG-3,350, 20% glycerol, 0.2 M KI, 50 mM HEPES (pH 7.0) and 0.5 mM EGTA and incubated at 21 °C for 45-60 min before stabilization in 50 μ l stabilization buffer with 30% glycerol for flash-freezing in LN 2 . To obtain the K + anomalous signal, data were collected at a home-source X-ray generator (Rigaku RA-Micro7 HF mounted with a Rigaku Saturn A200 CCD detector, at λ = 1.54 Å). 
Preparation
In crystallo reaction and time courses in
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Data collection
As described in Online Methods, all X-ray diffraction data were collected at the Argonne Photon Source except for one data set that was collected using the X-ray home-source (Rigaku MicroMax-007HF, Saturn A200 CCD detector). Biochemical data were conducted at bench.
Data analysis
Structural data and structures were analyzed using the standard software package, HKL2000, CCP4, and PHENIX. Biochemical data were analyzed using ImageJ and Prism software.
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